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The electronic structure of iron(Ill) meso-hydroxyporphyrin (2a) dissolved in pyridine was characterized by NMR,
ESR, and optical absorption spectroscopies. It was found that the meso hydroxyl group of 2a is fully deprotonated
in pyridine solution, and the resultant compound is in a quantum mixing state of the iron(IIl) meso-oxyporphyrin
(2b) and the iron(Il) porphyrin 7-neutral radical (2¢) states, i.e., the resonance structure of 2b and 2¢. Deprotonation
of the meso hydroxyl group and coordination of the axial ligands are both essential for the generation of this
unique electronic structure. The population of 2b and 2¢ in the mixing state is modulated by the basicity of the
axial ligands, as was manifested by the drastic NMR and ESR spectral changes upon varying the pyridine derivatives
as the ligands. Because 2¢ is highly reactive with O; to form verdoheme, while 2a and 2b are unreactive, the
formation of the n-radical character is essential in heme breakdown. Thus, we discussed the electronic structure
of meso-hydroxyheme in relation to the reaction of heme catabolism.

Introduction

In a biological system, the endogenous heme in hemoglobin
and myoglobin is degraded to a bile pigment by catalysis with
an enzyme, heme oxygenase, which is localized in a microsomal
fraction obtained from the spleen, bone marrow, and liver.! The
heme oxygenase requires 3 mol of O, and NADPH! and cleaves
the meso o-position of the iron protoporphyrin IX complex to
produce biliverdin Xa and CO.> With relevance to the
biological heme degradation reaction,’ Lemberg and colleagues
studied the chemical heme cleavage reaction, viz. coupled
oxidation (Scheme 1); treatment of bis(pyridine)iron(II) por-
phyrin with hydrogen peroxide or of bis(pyridine)iron(IIl)
porphyrin with oxygen and ascorbic acid in aqueous pyridine
yields CO and verdohemochrome, followed by formation of
biliverdin by sequential treatment with a base and an acid.?

The enzymatic and chemical reactions of the heme degrada-
tion are very unique, because they permit the stable prophyrin
ring to be easily opened under extremely mild conditions.’~”
Thus, a key intermediate which is very reactive with O; has
been imagined to be involved in the heme degradation reaction.
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The characteristic visible spectrum (Amax = 639 nm) which was
then observed in the coupled oxidation was believed to come
from the intermediate in the heme degradation reaction.’ This
compound was initially thought to be a heme—peroxide complex
but is now considered to be an iron(IIT) meso-hydroxyporphyrin
(2a in Scheme 1).° On the other hand, Jackson et al. using a
tritiated derivative have demonstrated that 2a injected in rats is
readily converted to the bile pigment.!%!! Further, recent work
by Sano and co-workers provided direct evidence for the
oxidative cleavage of 2a by O; using chemically synthesized
iron(Ill) o-meso-hydroxyprotoporphyrin.’> On the basis of these
comprehensive studies, it is now convincing that 2a is the key
intermediate in heme degradation.

A number of studies have been carried out to characterize
the electronic structure of meso-hydroxyporphyrin. Bonnett?
and Fuhrhop and co-workers'# comprehensively studied the
electronic structures and reactivities of some metal complexes
of meso-hydroxyporphyrin or oxophlorin in relation to the
porphyrin degradation reaction. Recently, Balch et al. charac-
terized the structure of metal (Mn, Co, Ni) complexes of meso-
oxyoctaethylporphyrin.'S They showed that the porphyrin ligand
is either twisted into ruffled shapes or lies in a plane, depending
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Scheme 1

hydrolysis

(3)

on the metal and its coordination. However, concerning the
iron complex of meso-hydroxyporphyrin, the electronic structure
was not experimentally identified, until we observed its unusual
hyperfine-shifted proton NMR spectrum in pyridine.!>'6 We
explained its uniquely large hyperfine shifts of meso protons in
terms of a porphyrin s-radical character rather than an iron-
(III) state, by comparing the NMR spectrum with those for
metalloporphyrin 7-cation radicals.!” In combination with the
Mbssbauer results,'? we concluded that 2a in pyridine is in an
iron(Il) meso-oxyporphyrin sr-neutral radical or an oxophlorin
radical state (2c).

In the present study, we further examined the mechanism of
formation of the iron(II) oxoporphyrin 7-neutral radical from
2a in pyridine and characterized its electronic structure in more
detail by analyzing the axial ligand effect on NMR, ESR, and
optical spectral features of 2a. Their unique spectral features
can be reasonably and consistently explained in terms of the
resonance state of iron(IIT) meso-oxyporphyrin (2h) and the iron-
(II) meso-oxyporphyrin m-neutral radical (2c¢). We also dis-
cussed the electronic structure in relation to the reactivity of
the compound toward O, under various conditions. Our present
comprehensive work will provide a clue to unveil the reaction
mechanism of heme breakdown in the heme oxygenase system.

Experimental Section

Materials. Pyridine was distilled over sodium hydroxide. 4-Acetyl-
pyridine, 4-methylpyridine, 3,4-dimethylpyridine, and 1-methylimida-
zole were purchased from Wako and were distilled under reduced
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pressure before use. Pyridine-ds was purchased from Merck and used
without further purification. Octaethylporphyrin (OEP) was prepared
by the method of Inhoffen et al.!

Spectral Measurements. Absorption spectral measurements were
made on a Hitachi 330 spectrometer. Low-temperature absorption
spectra were obtained using a DN 1704 variable-temperature liquid-
nitrogen cryostat (Oxford Instruments). Proton NMR spectra of 300
MHz and deuterium NMR spectra at 46.1 MHz were recorded with a
Nicolet NT-300 spectrometer equipped with a 1280 computer system.
The 'H-NMR spectrum of 2a in pyridine was measured in a neat
pyridine-ds. When 4-acetylpyridine, 4-methylpyridine, 3,4-dimeth-
ylpyridine, or 1-methylimidazole was used as an 'H-NMR solvent, a
conventional solvent-eliminating Fourier transform pulse sequence
(180°—7—90°—acquire) was employed to minimize the solvent signals.
NMR signals of 2a in various solvents were assigned by meso-
deuterium-labeled compound signal intensity and variable-temperature
measurements. ESR spectra were recorded at 77 K with a JEOL JES-
3X spectrometer operating with 100-kHz magnetic field modulation.

Chloroiron(IIT) meso-(Benzoyloxy)octaethylporphyrin (3). meso-
(Benzoyloxy)porphyrin was prepared by the method of Bonnett et al.’”
Incorporation of iron into the porphyrin was accomplished by addition
of ferrous chloride and sodium acetate to a refluxing solution of the
porphyrin in acetic acid under an argon atmosphere and subsequent
stirring for 2 h. After the mixture was cooled to room temperature,
the precipitate was collected by filtration and washed by water, UV—
vis (CH;Cl,), nm (relative intensity): 385 (1.000), 507 (0.092), 537
(0.065), 583 (0.026), 638 (0.041). -NMR (CD.Cl; 23 °C), ppm: 45.8,
452, 43.9 (2H), 43.2, 42.6 (2H), 41.3 (2H), 40.8 (2H), 399.2, 36.7,
36.2 (2H) (methylene proton) and —56.2, —62.4, —65.8, —70.2 (meso
proton).

Chloroiron(IIl) meso-hydroxyoctaethylporphyrin-meso-d» was
synthesized using octaethylporphyrin-meso-ds, which was made by
sulfuric acid-d, exchange.'?

Iron(IIl) meso-Hydroxyoctaethylporphyrin (2a). Chloroiron(III)
meso-(benzoyloxy)octaethyl porphyrin was dissolved in methanol, and
the solution was degassed for 1 h. Sodium hydroxide in methanol was
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added slowly to the refluxing solution under argon atmosphere. The
mixture was refluxed for 2 h. After cooling to room temperature, the
mixture was poured into water, and the iron complex was extracted
with chloroform. The chloroform solution was washed with dilute HC1
and water. After evaporation of the solvent, the residual microcrys-
talline solid was dried under vacuum. UV-—vis (CHCl;), nm: 390,
490 (sh), 520 (sh), 690. 'H-NMR (CDCl;; 23 °C), ppm: 39.4, 37.0,
34.1, 31.8, 30.0, 28.7, 23.0, 18.1 (methylene proton), —28.1, —100.0
(meso proton).

Preparation of Samples. All preparations of samples for spectral
measurements were carried out using a specially designed Thunberg-
type vessel'? connected to a vacuum line. Pyridine solution was
degassed by the freez—pump—thaw method three times. 2a was added
to the Thunberg vessel, and the vessel was evacuated. The degassed
pyridine was transferred into the Thunberg vessel by vacuum distillation.
After the vessel was sealed, 2a was dissolved in the pyridine. 2a in
pyridine was transferred into a cell (UV—vis or NMR), and the cell
was sealed under vacuum conditions.

Results and Discussion

Formation of Iron(Il) meso-Oxyporphyrin z-Neutral
Radical in Pyridine. Iron(IIl) meso-hydroxyoctaethylporphyrin
dissolved in pure pyridine under anaerobic conditions displayed
a very characteristic 'H-NMR spectrum (Figure 1a), where two
well-resolved proton resonances with two and one proton
intensities were observed at —111 and —154 ppm, respectively.
These signals can be assigned to the porphyrin meso protons
by utilizing the 2H-NMR signals of the meso-deuterium-labeled
compound. Four methylene proton signals were uniquely
observed at 31.6, 4.5, 2.1, and —2.5 ppm, and four methyl proton
signals were located in the region 2.3~3.4 ppm.

In this NMR spectrum, the most remarkable finding is the
far upfield shift of the meso proton resonances. The magnetic
susceptibility of this compound measured by the NMR Evans
method is pesr = 2.4 un at 296 K, suggesting that the unique
hyperfine-shifted NMR spectrum arises from the paramagnetism
of a single electron spin (S = !/;). However, this spectral feature
has been unprecedented for the metal-centered paramagnetic
iron porphyrin compounds reported so far. Indeed, the meso
proton resonances of the imidazole complex of ferric 3 (7 and
0.6 ppm) did not exhibit such a far upfield shift as those found
for 2a in pyridine. Further, Mossbauer measurements of 2a in
pyridine at 77 K gave values of AE; = 1.3 mm/s and 6 = 0.2
mm/s, which are also different from those of bis(pyridine)iron-
(IIT) porphyrin compounds.?® Rather, the signal positions of
the meso protons are very similar to those of the metallopor-
phyrin st-radicals reported so far. Therefore, it can be suggested
that the unpaired spin density delocalized on the porphyrin 7
system, i.e. the zz-radical character, predominantly contributes
to the characteristic hyperfine shifts of the meso proton signals
for 2a in pyridine.

It is very interesting to examine the mechanism of the
generation of the z-radical character from 2a in pyridine. We
previously reported that, upon titration with diluted HCI, the
optical absorption spectrum of 2a in pyridine with four isosbestic
points became a spectrum similar to that of a ferric low-spin
porphyrin compound, such as the bis(imidazole) complex of
3.6 We followed the same reaction of 2a by 'H-NMR
spectroscopy, as illustrated in Figure 1. Upon addition of acid
to the pyridine solution of 2a, the far upfield shifted meso-proton
resonances (in Figure 1a) moved downfield, and the resultant
spectrum (Figure 1d) was similar to that of the bis(imidazole)
complex of 3 consistent with the visible absorption spectral
results.

Morishima et al.

The observed NMR spectral change showed that protonation
of the compound causes the zz-radical character to decrease. In
other words, deprotonation of 2a generates the s-radical
character. Because 2a possesses a phenolic character, the meso
hydroxyl group of this compound is readily deprotonated in
pyridine to form the enolate anion (2b). Thus, one possible
mechanism for formation of the porphyrin m-radical character
without a reducing reagent is an intramolecular electron transfer
from the enolate anion of the porphyrin to the central iron,
yielding the iron(Il) meso-oxyporphyrin s-neutral radical (2¢).
The electronic structure of this compound will be studied in
more detail in the next section.

Effect of Axial Ligand Basicity on the Electronic State of
the meso-Oxyporphyrin z-Neutral Radical. The 2a com-
pound in pyridine is very reactive with O, yielding verdohe-
mochrome (4), which is a precursor of biliverdine (5) and
bilirubin, which is suggestive of the importance of the s7z-radical
character for the reactivity of 2a with O;. Indeed, the same
reaction does not occur in CHyCl,. The proton of the meso
hydroxyl group in 2a must dissociate in the basic solution for
the mr-radical formation. However, it is worthwhile to mention
that 2a is unreactive with O, in an aqueous alkaline solution,
in which the meso hydroxyl group is fully deprotonated.
Furthermore, we also observed that the m-radical was not
generated from 2a in 2,6-di-fert-butylpyridine, which is a base
but which cannot coordinate to the iron as an axial ligand. These
observations suggested that coordination of the ligand to the
iron as well as the deprotonation of the meso hydroxyl group
are probably both essential for the formation of the n-radical
character and eventually for the high reactivity with O,.

Thus, in order to gain further insight into the formation of
the m-radical character from 2a and into its detailed electronic
structure, we examined the axial ligand effect with 'H-NMR,
ESR, and optical absorption spectroscopies. We chose various
solvents (ligands) having a variety of basicities as follows:
4-acetylpyridine (Acpy, pK. = 3.51), pyridine (py, pKa = 5.28),
4-methylpyridine (Mepy, pKa. = 5.98), 3,4-dimethylpyridine
(diMepy, pK, = 6.46), and 1-methylimidazole (Melm, pK, =
7.20).2' We dissolved 2a in each solvent under anaerobic
conditions and measured the spectra. These pyridine and
imidazole derivatives can serve as both bases and axial ligands
for iron.

In the '"H-NMR spectra of 2a (Figure 2), the methylene and
the meso proton signals characteristically change in their position
depending on the solvent (ligand) properties. In particular, the
signal position of the meso proton, which serves as a sensitive
indicator of the m-radical character, is affected by the solvent
(ligand) basicity; e.g. the signals in Acpy are observed at —142
and —196 ppm, while those in Melm are located at —40 ppm.
With an increase in the solvent (ligand) pK, value, the signals
dramatically move downfield, accompanied by signal sharpen-
ing.

Figure 3 shows the ESR spectra of 2a at 77 K in various
solvents. The ligand effects are observed in the g values and
the signal shape. An extreme case, 2a in Acpy, exhibits an
axial type spectrum, in which the signals are observed at g =
2.2 and 1.9. With an increase in the solvent (ligand) basicity,
the signal in the low field shifts further downfield, while the
high-field signal moves higher. Finally, three absorptions are
resolved at g = 2.53, 2.28, and 1.66 for the Melm complex,
which closely resemble those for the ferric imidazole complex
of 3 (Figure 3f). All of these NMR and ESR results are
assembled in Table 1.
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Figure 2. Proton NMR spectra of 2¢ derivatives in neat pyridine and imidazole derivatives. 2 in pyridine was measured by using pyridine-ds.
Other pyridine derivatives and 1-methylimidazole were used in protonated solvents, so the signals in diamagnetic regions could not be observed:
(a) in 4-acetylpyridine; (b) in pyridine; (c) in 4-methylpyridine; (d) in 3,4-dimethylpyridine; () in !-methylimidazole.

In Figure 4 are illustrated their optical absorption spectra.
With increasing solvent (ligand) pK, value, the absorption bands
around 600 and 640 nm show a slight red shift and change in
their relative intensities, and the Soret band also exhibits a blue
shift. However, their characteristics are basically identical
among the 2a complexes with various ligands. Here, we also
note that the spectral change is different from that of the acid
titration experiment for 2a in pyridine. All of these results thus
suggest that the meso hydroxyl group in 2a is in fully
deprotonated form in all solvents employed, so that the NMR
and ESR spectral features reflect the axial ligand effect on the

electronic structure of the deprotonated form of 2a (2b) and/or
the sr-neutral radical (2¢) (see Scheme 2).

On the basis of the NMR signal position of the meso protons
(Figure 2), with increasing ligand basicity, the n-radical
character (2¢) is decreased, with a concomitant increase in the
Fe(II1) character (2b). Our present results can thus be compa-
rable to the mixing of the redox isomers of nickel porphyrin,
where the Ni(II) porphyrin 7-cation radical and Ni(I) porphyrin
are admixed.?> However, in the case of nickel porphyrin, the

(22) Mannassen, A.; Wolberg, A. Inorg. Chem. 1970, 9, 2365—2367.
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Figure 3. ESR spectra of 2¢ derivatives in pyridine and imidazole
derivatives and iron(Ill) meso-benzoyloxyoctaethylporphyrin bis(imi-
dazole) at 77 K: (a) in 4-acetylpyridine; (b) in pyridine; (¢) in
4-methylpyridine; (d) in 3,4-dimethylpyridine; (e) in 1-methylimidazole.
Spectrum f is for 3a in dichloromethane and excess imidazole.

ESR signals of these two states were separately observed, in
sharp contrast with the present ESR features of 2a (see Figure
3). We can then reasonably interpret the NMR, ESR, and
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Figure 4. Absorption spectra of 2¢ derivatives in neat pyridine and
imidazole derivatives: (a) in 4-acetylpyridine; (b) in pyridine; (c) in
4-methylpyridine; (d) in 3,4-dimethylpyridine; (e) in 1-methylimidazole.

optical absorption spectral results for 2a in terms of the
resonance structure between 2b and 2¢ and the modulation of
their relative contents by the ligand basicity. Namely, in the
Acpy complex, the sr-radical character (2¢) is predominant,
resulting in the far upfield shift of the meso proton NMR signals
and the axial symmetric ESR spectrum. In contrast, the metal-
centered paramagnetism (Fe3t) in the Melm complex, 2b,
mainly governs its 'H-NMR and ESR spectral features, which
are quite similar to the corresponding ones of the ferric
porphyrin compound. In general, strong ligands bound to the
iron, i.e., ligands having high pK, values, stabilize the Fe(III)
state more than the Fe(Il) state, because of the low redox
potential of the complex. On the other hand, the reduced state,
Fe(Il), is more stable in the iron porphyrin complex with weak
axial ligands. If the redox potential of the meso-oxyprophyrin
is comparable to that of the central iron, it seems reasonable
that the iron in 2b is readily reduced to generate 2¢ by
intramolecular electron transfer from the porphyrin moiety.
The electron transfer between the central metal and the
porphyrin ring has been reported for Ni, Ru, Fe, and some other
metal porphyrin complexes.2~25 In these cases, where the
porphyrin has Dy, molecular symmetry, the porphyrin HOMO

(23) (a) Dolphin, D.; Niem, T.; Felton, R. H.; Fujita, . J. Am. Chem. Soc.
1975, 97, 5288-5290. (b) Chang, D.; Malinski, T.; Ulman, A.;
Kadish, K. M. Inorg. Chem. 1984, 23, 817—824.
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Table 1. Spectral Characteristics of Iron(II) meso-Oxyoctaethylporphyrin

'H-NMR (ppm)
complex ligand methylene meso ESR UV —vis (nm)
2c 4-acetylpyridine 352 a a —43 —1419 2.20 1.90 425 640
pyridine —12?2 45 2.1 =25 —-111.1 2.31 1.79 425 649
4-methylpyridine - 1222 a a 0.0 —99.2 231 1.75 425 658
3,4-dimethylpyridine —124;3 189 a a —81.8 231 1.73 416 662
1-methylimidazole *ggg 17.5 10.1 9.6 —40.3 253 2.28 1.66 414 665
(OEP)Fe! imidazole 6.2 _32:? 2.80 2.28 1.57 404 522

“ Signal cannot be observed by overlapping of the solvent signals.

Scheme 2

7 orbital cannot mix with the metal dmr orbitals. Therefore,
the electron transfer for these complexes may presumably occur
via the axial ligand or the counteranion. However, this is not
the case for 2a. Because of the C», symmetry of the compound,
the porphyrin HOMO, the b; orbital, is allowed to mix to some
extent with the iron dmr orbital, which is favorable for the
electron delocalization between the metal and the porphyrin ring.
This is possibly the main reason for the resonance structure of
2b and 2c rather than the mixing of the two redox isomers.

In a previous report, we described the ESR spectrum of 2¢
in pyridine as being quite similar to that of iron(I) tetraphen-
ylporphyrin® and proposed that cooling of 2¢ in pyridine to 77
K caused one more electron to be transferred from the porphyrin
moiety to the iron(Il) to generate the iron(I) compound.?’
However, when we measured the optical absorption spectrum
of 2¢ in pyridine at 77 K (data not shown), the spectrum was
the same as that at room temperature (Figure 4), indicating no
formation of the Fe(I) compound. The unique feature of the
ESR spectra of 2a in pyridine derivatives (Figure 3) could be
reasonably explained in terms of the resonance structure of 2b
and 2¢: the quantum mixing of the ESR signal in a free radical
type with that in a large gmax type, which is characteristic of
the bis(pyridine) complex of iron(IIl) porphyrin.?? Mdssbauer
parameters also support the resonance structure of 2b and 2¢
but are inconsistent with those of iron(I) porphyrin and bis-
(pyridine)iron(IIl) porphyrin compounds.

Biological Implications of the Electronic Structure of
meso-Oxyporphyrin. In the present study, we unambiguously

(24) Barley, M.; Becker, J. Y.; Domazetis, G.; Dolphin, D.; James, B. R.
J. Chem. Soc., Chem. Commun. 1981, 982—983.

(25) (a) Traylor, T. G.; Nolan, K. B.; Hildreth, R.; Evans, T. A.; Srivatsa,
G. 8. J. Am. Chem. Soc. 1983, 105, 6149—-6151. (b) Sawyer, D. T.;
Traylor, D. T. Inorg. Chem. 1985, 24, 4733—-4735.

(26) Lexa, D.; Momenteau, M.; Mispelter, J. Biochim. Biophys. Acta 1974,
338, 151—163.

(27) Sano, S.; Sugiura, Y.; Maeda, Y.; Ogawa, S.; Morishima, L. J. Am.
Chem. Soc. 1981, 103, 2888—2889,

(28) Safo, M. K.; Gupta, G. P.; Watson, C. T.; Simonis, U.; Walker, F.
A.; Scheidt, W. R. J. Am. Chem. Soc. 1992, 114, 7066—-7075.
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describe the unique electronic structure of 2a in pyridine, the
resonance structure of 2b and 2¢. This uniqueness is likely
related to the reactivity with O, in the second step of the heme
catabolism (see Scheme 1). Bonnett et al. previously proposed
that 2a itself, which means iron(IlI) meso-hydroxyporphyrin,
is an intermediate in verdoheme formation, where O; directly
adds to 2a. However, this reaction could not be allowed because
of the spin restriction between the porphyrin and O,.

The molecular orbital (MO) calculation indicated that meso-
hydroxyporphyrin has two nearly degenerated HOMOs, a; and
b2. When the z-neutral radical is generated, one electron is
ejected from either the a; or the b, orbital and transferred to
the iron. Because the MO calculation also showed that a large
spin density exists at the pyrrole a-carbon adjacent to the heme
hydroxyl group in its neutral radical state, irrespective of A;
and B,, O, can directly add to this position in the zz-radical
state, followed by the cleavage at the meso position. Therefore,
it is likely to conclude that 2¢ in the mixed state is a key
intermediate in the heme breakdown.

Our present results for the model compounds can be
extrapolated to a biologically relevant system, i.e., the heme
oxygenase system. Recent studies show that the heme in heme
oxygenase binds to the protein moiety through the N-ligand most
probably from the histidyl imidazole, yielding a five-coordinated
heme iron.?®30 So it seems reasonable to suggest that 2a in
heme oxygenase is in a five-coordination. Our present study
implies that coordination of the axial ligand modulates the
population of iron(IIl) meso-oxyporphyrin (2b) and the neutral
radical state (2¢) through control of the redox property of the
iron. In general, the redox potential of the heme iron is more
positive in the five-coordination high-spin state than in the six-
coordination low-spin state; therefore, assuming that the meso
hydroxyl group is deprotonated in the enzyme, it can be

(29) Takahashi, S.; Wang, J.; Rosseau, D. L.; Ishikawa, K.; Yoshida, T.;
Host, J. R.; Ikeda-Saito, M. J. Biol. Chem. 1994, 269, 1010—1014.
(30) Takahashi, S.; Wang, J.; Rosseau, D. L.; Ishikawa, K.; Yoshida, T.;
Takeuchi, N.; Ikeda-Saito, M. Biochemistry 1994, 33, 5531—5538.
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suggested that intramolecular electron transfer from the por-
phyrin moiety to the iron is favorable. Thus the porphyrin
m-radical state is predominant in the heme oxygenase system.
Eventually, 2a in heme oxygenase is highly reactive toward O,
followed by formation of verdoheme.

In conclusion, we found that 2a in pyridine is in the resonance
hybrid of iron(IIT) (2b) and the porphyrin 7z-neutral radical (2¢)
states and that their population is modulated by the ligand
basicity. Because 2c¢ is highly reactive toward O,, the formation

Inorganic Chemistry, Vol. 34, No. 6, 1995 153§

of 2¢ is essential for the following reaction with O, to yield
verdoheme and to cleave the porphyrin ring. Our present results
support Schemes 1 and 2 in the heme degradation system.
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